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ABSTRACT 


Ins paperzdeseribes the design, construction and test- 
messer pulled high voltage zegulator installed in one 
modulator of the Naval Postgraduate School Linear Accelera- 
cor. Phe design 1s*adapted from a similar network in use 
at Stanford University. The prototype system was found to 
improve the voltage regulation by a factor of 168, and to 
ex munauesunesecssssbiescnergy Shifts in the ellectron beam 


"mucro 1 luctuations@in line voltage. 
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Me ENTRODUCHEON 


Thies paper concerns the problem of and Slolution for 
e Re 2 ulet onaol pulsed high voltage for klystrons of the 
linear electron accelerator (LINAC) at the Naval Postgrad- 


uate School (NPS). 


A. BACKGROUND TO THE PROBLEM 

The LINAC is a thirty foot long cylindrical disc-loaded 
Ucvcaudewuhen Mlerowavemcmergy Ol the proper frequency 
is propagated down the waveguide, a part of each cycle of 
emnave Ines wave Dass aeetrierTeldg-dıireeted axlally 
and is moving at the speed of light.  Electrons which are 
Bere de rhe structure „at Or near the velocity on 
light, are accelerated by this axially-directed field. 
oince the electrons remain in a constant phase relationship, 
the electrons can experience an accelerating force for the 
nii ol net ho che LINAC) thus increasing their energy 
from a comparatively small initial value’ to a large final 
value.” 

Ihe final energy of the accelerated electrons is pro- 


portional vo bheg$square root of thefproduct of the total 


I stanford University Microwave Laboratory Report 173, 
Acer sio ne oveliogd Binean. Elsetron Accelerators, 
L o d 





power and the length of the waveguide.“ At NPS, the maxi- 


mum energy is about 108 million electron volts (MeV). In 
Oaa enee hnis, Che LINAC is divided into three! ten- 
foot sections, and each section is supplied with seventeen 
megawatts (MW) peak power. The power is obtained from 
individual high power klystron amplifier tubes. 

thie EnpuL power required to each of the three klystrons 
is 125 MW. On a continuous input power basis, the result- 
ing input power need of 375 MW would be completely out of 
the question. Therefore, the input power to the klystron 
aa Versi spulsed; That is, the equipment is turned on 
for a short period of time (two microseconds (us) in this 
case), and Enen allowed to rest (for 1/60 of a second). 
ge ducy cycle (time-on divided by total time available) is 
Thus .00012, and this reduces the average input power 
requirement per klystron to 15 kilowatts (kW). 

Ihe pulsing is accomplished by charging a pulse forming 
network (PFN) to a working voltage and discharging it to 
the klystron UTE a Ga GRODASNI Ce NA hise system is 
called the modulator and there is one modulator for each 
klvsuËron., E pulses have a peak voltage of approximately 
220 kV and they are delivered to the cathode of the klystron 
oo ue aaa TS e nans ormer M Ur ninge the klystron on for 
2us. The accuracy of many of the electron-scattering 


experiments done with the LINAC depends on the steadiness 


NE DC 


10 





EMEN uen RECnepsyeervencto Che electrons each cycle. 
M N-ScnenppPvsdependswoen the output power of the klystron 
duning the "on" time of the cycle. It is known that this 
output power depends in turn on the amplitude of the beam 
wollages in therklystron. 

if the energy imparted to’ the electrons fluctuates 
Mo Mc Acero le Chis results in energy shifts'of the 
He Me peducedebeam intensity. Kor’ largesshifts; 
Mem ii cher amount of energy in a given pulse deviates 
beyond a limiting point, the entire beam ís "lost" and the 
Oe a Ee muste readjusted by the operator. m Although 
there were M ude s of pulse-to-pulse energy deviation, 
the main cause was the pulse-to-pulse voltage fluctuation 
eevee es ehe Kagure J] shows the basic components of 
the modulator. The problem was attacked by attempting to 


Meldmeonstany the peak voltage built up on the PEN. 


B. SURVEY OF APPROACHES TO THE SOLUTION 

Figure 2(a) shows a simplified diagram of the charging 
Dco E Epo this netwouk@is the well-known 
"resonance charging"; i.e., using the high-Q of the effec- 
tive LC network to effectively double the voltage from the 
supply. Figure 2(b) shows the voltage waveform across the 
PFN. Without the charging diode, the circuit would oscil- 


‚1/2 


late at its natural frequency 1/(LC , and the ampli- 


PEN 


tude of the voltage would be ZY uac ds shown in the dotted 


estoi he Eure,” Thel inductor would initially begin 


dal 





dOLWINAON INO 40 WWa9vIQ didis - V 380013 


JU AO 15 WD A] 1 
es má | 





GAL ST py 











90019] 
091001. 








= E Leah 


YA A 





saimo 003/04 

ss 13131409 

hS | 99000 SIVILO 
buwo- | | epo (T 2404) 


but baoy9 bur bsoyy hyddng bs Z IST 


k I'd | 





12 

















(a) CA | 
ern) | 
—— ——— di One L | 
N= CR | + | 
| 
VFN | 
|- Kystron 
Load 
(b) ay 
Vac 
| —— 2" 
| wy, at 31, ad ot 
| A A 
| radians 
| 
| Ce) MA» S closes 
n 0) 
nt YA E" | ar at 
fa N Aa s radians 
N / 
N | € 
k N UE T a 


FIGURE 2- 


(a) Simplified di agrar ot charging network 
cb) PEN voltage vs: + 
(C) Inductor current vs. ot 
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store energy, ds would the capacitor, until ot-7/2, at 

Tico Mec nom iManletOr would begin to act like a source 

and dump Its energy into the capacitor. Thus, by wt="T the 
current is zero and the voltage across tree apac1tormwis 


2V NR | LCi Geis lame However tehe 


Dez 


series charging diode present, the current may not reverse 
EGON UNUS, instead ol seeing the capacitor dis- 
charge into the inductor (as would normally happen) and the 
Ss cala Lions OCCU, tne Current remains zero, and the PEN 
EdodgeLsc"emadnswebnarmeedaub until switch 5 is closed and 


then all the energy in C 15 dumpeafinto the klystron 


PFN 
load. At that point, the network begins to recharge and 


ehe onele is Tepeated. 


One can see that if Vic varies for any reason, then 


VppN wasesnocsbesconstant. At first it was thought that 


the best way to solve the problem would be to regulate 


Voc: However, Voc 


Betweensstixteen and twenty kV. Some type of threshold 


E | Tar ceo Las ca Tis Sencraliy 


NET ome cani e ode which works well au low pvoltages, 
was at first Cs ene M TTT ai vet qu AS al 

E ehuBatively long string of them to provide regulation. 

Pi semsche eurrenGzuhichZzwouleo have had to be diverted was 

in Che ampere region. 


Mothe deant o ery CO Control Y was to use a chopped 


DC 
or pulsed sinusoid at the input to the de power supply. It 
Was really a gated sinusoid and by varying toc duty eye lle 


ASUS tral applied to the gate, the average ac 
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THI H ET TA Could be very accurately con- 

eo cd ~eamde tnus so could Vong: However, the output of the 
Bowezzeuppiyseonrarmes sa large inductor and the Usual fil- 
e a Ora Was NOE desired Ge face ehe high voltage 
problems associated with instantaneously stopping and start- 
RUE TL T T DE] 

Another possibility was to try to regulate the ac all 
the way back at the input transformers. There are devices 
which do this magnetically within the transformer. However, 
a magnetic system is inherently slow (even for sixty-cycle 
operation), and a transformer of the type needed would have 
been too costly and not accurate enough. 

behen ela temat soset edha one 
sampled signal to small electric servo-motors connected 
Teckan. cable hezvanraeszzyuhi chseontrolr che, amount or 
incoming ac. However, this was felt to be too slow and 
lack sufficient accuracy, and also to have inherent stabil- 
ity problems. 

The problem could therefore not be treated as a normal 
E ai ac or de regulation, but each pulse had to be moni- 
tored and regulated. Since the mode of operation was al- 
zescyzenlsed, Schezeontroller had to bespulsedialso. What 
was needed was an alternate path to switch the current from 
ehesinduetor once the desired value of b had comm TT UA 
Then, this "threshold" could be set lower than the lowest 
expected variation of working voltage and the "alternate 


paco amanda lle, the remaining current in the choke. 
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TH E C L TEDT l itude-controlled and would 
DH TT eacheindivraual pulse. 

Much work had already been done and the problem had 
been solved by a number of other people involved in LINAC 
ce Sime The purposes Of this pryeject was to adapt the design 
Mot he NES ULNAC wand DIS DG L regulation system for 


the high voltage modulator. 


TEE SOLUMTON SAND A BRIEF DESCRIPTION OF THE SYSTEM 

is Vibe drscCussed later in tics paper., the best 
method to accomplish the necessary regulation has been to 
use a low-Q tank circuit as the alternate path. The pro= 
cess ob switching trom the high-@ to a lmw-Q circuit Is 
what gives the circuit its name: "de-Q'ing". Figures 3 and 
4 show the general layout of the original design, as well 
as the important waveforms. In essence, the voltage V PN 
is held at the trigger value by keeping the charging diode 
teverse=Diased whildissipating the remaining choke energy 
INEresıis vor.  Themanmalysis andsconseruetion of such 3 
ea T cin be’ thegsubject of this thesis. 

Because: of TiC meh velL;acs;sessmTvedcandcvhe speed mr 
womensvrhemsswitchasmEw NDc Made, uv Was decided Lo use 
hydrogen thyratrons as switches = They are’ faster, and 
handle higher voltages than SCR's. There was also af sur- 
Moe LOC ahem on handi mso Economically they were very 
des @ablemmainalhve, altimeneh they are physically large, 
there was enough space for them and the required insulation 


within the confines of the high voltage cage. 
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e ROLE TE E or thessystem will now be 
UU TET TT G G They 11 be discussed mopelnorpouphby later in 
the paper. The trigger circuit triggers the de-Q'ing 
enyratcron when the proper reference voltage is reached. 

The purpose of this circuit is to generate a 1500 volt 

oe oe grid one ohe thyratvron, as Mie! sampled PEN 
voltage begins to surpass the reference voltage. The forty 
Pe Num oNLIODNWhTChEPSseccessary between therrrisgern circuit 
aneechezeriad Ts provided by immersing the pulse transformer 
BEST pol bath: 

Another component in the original design was a compen- 
bal CU mora e nt en ce Oo PËR Sa Ce Ior vhe sqm 
aay Ne oduc Inge Uhe proper phase shift in the*sample 
aime PEN voltage it fed invo the trigger circuit. Dur- 
ing testing, however, this divider caused severe problems 
and eventually it had to be replaced by a resistive divider 
EELUSULeEd OM Gone PEN side of the charge diodes. 

Although not shown in Fig. 3, the comparator was the 
emcee were Lhe Ssanpled >2iegenal andfrelerence voltage 
ene compared. This had to have a very high input imped- 
amcer sorasimot Lo load thesvoltage divider. 

ThHesisvystem also includes supplies and support equip- 
meon EIE. rne hyrat on as vell as Mor large diode 
Stra mecessäarsarosmake thezalternate current path 


Nd recital: 
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II. DESIGN OF THE SYSTEM 


The method of designing the system was varied because 
er rtamaparts or the system were more amenable to theoreti- 
ia sis Chaimo ers. Por the purposes ot this paper, 
Breoretıical desijipem reiers to those parts of the system 
liste remlesionee seomo eteivyzon paper andz installegsin 
Lbemorotoctype Without any prior testing. Empirical @esign 
ers to those subsystems that were not rigorously ana- 
ze Ek once ns omescalcula cionsaneresmadt zo determine 
ITA car compenenme values Before they were installed in 
Mem DprOLuOLyYDe. chey were pretested onfa breadboard and 


NGA ed untill they operated sufficiently wem. 


A. THEORETICAL DESIGN 
Nemo vera system bliock diagrams ceivenein Fiese, 
[la E scveradebDieces ob equipment involved, only two were 
somplevelvoonaldyzedesonwo Theoretieal basis. They ame"the 
de-Q'ing path and the compensated voltage divider. 
l. Theoretical Analysis and Design of the De-Q'ing 
Branch 
The de-Q'ing branch consists SUN? OO abr On: 
ooo me Sana ar ei nation of resistors end 
capacitors whose purposes are to: (1) reverse-bias the 
charging diodes; and (2) dissipate all remaining energy in 


Tore Zune star. or une next pulse in response tofa 
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command generated by the trigger chassis when the sampled 
E ape reaches phe rererence voltage. 

Figure 2 shows the unregulated PFN voltage and 
Enrrenuswaveronms that, for OSWUsiT, ancydescribed by the 


following equations 


A B 

V; = -Vpqcos ut, (2) 
and 

ENDE (Vy e, 9L)sin e (3) 
There on = (TC „1/2 


PFN 


Figure 6 shows the system with de-Q'ing as well as 
phesegugvalent Circuit of the de-Q'ing path. Let Igzi, (to). 


Then if the switch is thrown at time t the integro- 


Ore 


differential equation describing the action is given as 


I shë ii CU) 
sili + = lt, v,(t)dt + = v(t) + Cdv, E Os 
which becomes, after. manipulation 
v (6) t'ROv, (1) + E |% y (rJar = RI. (4) 
L L L to L U 


irs equation can be reduced CT se cond order 
ee nenet e Qa oh Witch Call Navemenemolt. Fnree possible 
FOlum@rons. depending upon the choice of RM, and C. (For 
the reader who is unfamiliar with a method for solving this 
Gja i Eend oA conta lne maa laplace transform approach 


to the solution.) The three possible solutions are related 


ee 








(a) De-Q ing components in place 


SA To 
TOUT Ty ip 
+ 
o] SL M IT 2k 


(b) Equi valent circuit of de-Q’ Ing path 


FIGURE € 


23 





COn C a De Chara EET 1. B IE equation derived. from 
une RTT T IT Ee discriminant ©f the charac- 


TGT TTT 


>) -i 
{RC Lo 

IE re SADO S 1 VEME characteristic equa- 
pm ne shnavesrealssgistinew reotszandstche response is 
IT Te Dal TTT T TTT vemm is zero, the roots are 
equal and the response will be of the form (oce 
and 1s known as critically damped. Iffthe' term is négative, 
the roots become complex conjugates and the response is 
permed underdamped or damped oscillatory. 

The value of L is fixed at 16 henries. The question 
facing the designer was what type of response would fulfill 
Dae CWO DUrDOSES © tThezde-Q; ing branch. To answer this 
question it was necessary to determine what these purposes 
mean quantitatively. The first purpose, to reverse-bias 
Due zchareamosdıiodesy means7thas the maximum Yr, after the 
switch closes must be less than v, (ty ). Suppose one 
wanted to clip the Age 10% from its unregulated peak, 
mc, weet. Ve 1.8V on: This would require the maximum 


PFN 


vo Torbe Mess than or equal to Vo” The largest V 


L DC 
E Ie TET Teswouldepe desirable to keep 


VI may Jess than 16kV. However, the normal operating value 


of Vj is around 18kV, vhich vould imply that Ve be 
kepomiless than 1ER IR.  Allowing a safety factor (or margin 


of error) of about 1.5, this would reduce the value of 


24 





VE max EVEN Pürcher, cosl0kV. SO, Somewhat arbitrarily, 


Dee cus purpose Cl ene Ge—-q ing branch can De restated as 


l | 
VL max $.19kV. (5) 


The second purpose concerns time. If the de-Q'ing 


thyratron is fired at time t, (see Fig. 4), and the energy 


U 


meL nis finally zerofat time t then the time (t,-t,) may 


22 
be considered the response time of the de-Q'ing branch. 

The reguirement that all energy in L is dissipated before 
the start of the next pulse may be stated in terms of Fig. 4 
as t - E, < ta - Eo: The total time from the beginning of 
one charge cycle to the next: (tj) is given by 1/PRR, where 
PRR is the pulse repetition rate, in this case 60pps. Thus, 
64716.Tms. ne voltage at which the pulse is to be clipped 
is assumed to be within 10% of the unregulated peak and thus, 
ut vill alvays be between 2.5 and t radians (i.e. cos” (-.8) 
and e Or Now. r5urM ng Dar T G S0 cë F410; 


iio Lacesm ence bine. ol firing t- roughly between 9.0 and 


U 
10.6 ms. Using the lower limit, the second purpose now can 


Dbemrostatees as 


Ba SUR < Oms. (6) 


With relations (5) and (6) as constraints, one can 
begin to choose the form of the solution to (4). An over- 
damped solution was investigated but due to the strong 
depemndenceson Lhe exponentlialT nature of this solution, the 


response time was too long. The same thing was true of a 


e5 





G TTT TH D CTE 1 T Because the diode action 
Maintains current flow eona. however, a damped 
a Oy e O NC Tron provea tobe most promising. That is; 
IT HID GEE T. TU could be ehosen to satisfy requirement 
(6), while the exponential factor would handle (5). 


If the damped frequency of the network is defined 


aS Wo, then from Eq.(4) it can be shown (see Appendix A) 
that 
wy = YA/LC - 1/4R eC (7) 
and 
Ig -w,(t-t,) 
I m “gë EK wre Samy Wy (t-ty). (8) 


This voltage is the voltage across the de-Q'ing 
ranch aiter che thyratron fires. Note that the initial 
ioc MOM: SWakGelh action isto reduce Vy, to zero. 
Physically, this occurs because the uncharged capacitor C 
ay acts as a short circuit, and’ this initial sharp 
drop in voltage insures that the conduction Oeo rem DO 
Ium uEechscds.Mhe-ccapaertoswehenwcharges upto some 
maximum value, VË pa mee ve na notë Inductor 
dissipate all their energy in R. (See Fig. 4.) The broken- 
line waveform shows the voltage at the anode of the charg- 
Medio dea Vr, + Voc: 

The system requirement given by Eq. (5) is recalled, 
and er must be computed. This is done by equating the 
pena veto Edie) to zero. and the resulting equa- 


ction iS 
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-OMGEE bU.) 


UNE. I ok 2exp al cos W otti t 0? (9) 
where t1 is the time at which the peak occurs. This maxi- 
mum occurs when 2w „RC = tan ag (t. 759). 


Another important quantity is the inductor current 
Woche ts diverted from the PEN. This current, i (t), is 


found by integrating YLE mE I Mq ges Nen DS 


0 


EE exp Wu L E-K) e n" 
L AS 2w „RC sinu, tity ; 


Note that aa b Ie e duces MaS expected m] 


DNE 0 

iS desired that the current in the choke belzero at the 
start of the next charge cycle. The waveform (see Fig. !) 

"No Nrampedesrieusosocand will pass through zero at 

w (t-t,) + w (t_-t,) = 7. When this happens, the current 
U 0 Dec ^0 

A. ALO ceversesbuG the Unidirectional nature of the 

mov iedel Olleama cone =ar1o0des will™prevent this from happening 

emastcheschoke Currently WLI) remain av zero. To insure that 


TT or uno atar ol ule Next Charge Cycle. 
referring or Pie a wo must be selected so that? 
u = > 
e tuc ce ar (11) 
Pea chis porne SO or co begin to think of 


GR at cr rms Pons QUA. e ice ratio of energy 


William Tomlin, "Pulse Forming Network Voltage Regula- 
Duce stautord Two-Mile Linear Accelerator, R.B. 


Neal, et. al. eds. New York, 1968, p. 130. 


e 





4 


goca osene revadas spa For the circuit in question 


Q = WRC = e ie 8 de) 


From Eqs. (7) ane (11) one can*write 


WRC = RT G L - 1/4 = fa” - 1/4 = /4Q = 
2 


or 
2w_RC = ho — < (13) 


U 


It can also be shown that 
2 2 y 
C= (1-1/4Q )/B ie (14) 
and from the maximization condition necessary for Eq. (9), 
fener lows that the proper KR should be chosen to satisfy 


Coan w e -t ) 
— erm (3185 


i 


The purpose of the previous mathematical work has 
Peenevomray the proundwork for ¢elmoosting the proper values 
of R and C and for making other engineering decisions re- 
garding parameters. Ert nuca SI E DE 
to investigate before the design procedure vill be 
pisc Sede 

MNAE RASTAS re sus | O 


bang TRE" power dissipation isggiven by 


A E 
WIRT ans lomiin ss Deksonal ıntervlew’at Stanford Linear 
necedemrdtor Center, Stanford, California, March 1973. 
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2 2 Se. (cy 


The average current expected through the thyratron 
ho signilicant since although most thyratrons are rated 
with high peak currents, their average and root-mean-square 


current ratings are fairly low. The average current can be 


el culated by integrating Eq. 10 as” 
TW LEE) 
—— M RR DL O 


The Uppersilimic Of Integration as found by solving 
Ug. (10) for che angie ag (6 57t9) at whieh the current 
boceomdcszepro. his WLil always be in the second quadrant 
md est thusmee written as og (5769) = n—a (t,-t). The 
Nenen she anglesoku..nhen, Ehede-Q' ine eircult 1s 


070 


fired and represents zero on the Wgt aca VEO a Cyne E 


ner Integration yields 
Eu.) 
" 1972 nrug(tj-to 
omiten AV? = (PRR)LQ(LC o pay) ler- tan ugtt,-tg) 


x sin y (=p) + sin egg (64 7t 9) : CI 


The rms current can be approximated by calculating 
AieNcurrentitor the sampler caseñor critical damping,” and 


ene result» is 


“Tomlin, DERE ci PËRD O 


rus 


ay 





Wee, (ems) Ij /(PRR)L/2R fate T 
- exp|z2Ci-tan t 4R C/L -1) ur 
AREC/L - 1 
or 
E ne = Ij /(PRR/2) (RC4L/R) (18) 


uc msweunrecniewexpbesued through the NOEL is 
vers Important practical “consideracion. If it as low 
enough, de capacitors can be used that are very much less 
Exbenslve at the voltage ratings needed than their ac 
counterparts. 

Using the results of Eqs. (8) through (18) the 
NESSCUmsECdEBESiIsmPocedoure was carriled out The value of 
fees 16H and'the PRR is 60 pps. From Eq. (6), it was 
decided to set tato = Oms, the maximum allowable response 
mea cordero Chat criterion. For the design caleula- 
eos  DLEwWwaszmecessärseloschooseza sulLable SNO MEC E lg 
and design the system to handle this and any smaller value 
al, lg e av eo Tr One Ey substlieutine 20KV Tor Voc? 410 
hor Sider Or b InGo HO. (4), iv can besshown that the 
largest peak of i, (i.e. when Voc is largest) is equal to 
about 3.2 amps. Since the system was designed to clip the 
top 10% off a 4OkV charge waveform, and as shown previously 
Ehren spondesteanelippine Aateareuna Wl = 225 radians, 


the maximum value of i (tg) expected is about 3.2 sin(2.5)= 


3.2(.6) = 1.92 amps. Therefore, for design purposes, Io 


EL 





Was set ates amps. This is more than enough for practical 
boss Diss. oyaces a userul set of design figures. 
It isfobviousfírom the assumed value of Ig anon 

and use of Ea. (16) that the power dissipated in resistor 
R was expected to be 2080 watts. This value is independent 
of Q. The design procedure involved programming Eqs. (8) 
through (18) in an algorithm form into the Hewlett-Packard 
io ckmealen Laver. aman recding Bimmavalucs=oi Q to obtain pro- 
per values of R and C necessary to satisfy the constraints. 
Enhemalporasbnmgwas asm lows: 

(1) Read in Q 

(2) 0 = tan" (Vig? 1) = wy (t,-t,) 
(3) w, = (1-8)/(9x1072) 


(4) C 


(1-1/49°)/u, (16) 


MODE (tan 0)/2w,C 


(6) because To 2 amps, v = 2R (2exp(-0/tan6)coso0] 


Benz: 


(T) 1 (AV) 2 6012) (164. 37542079) 102 


switch 


x [exp (-(n-0)/tan a] sin 0 + sin 20) 


(8) I (rms) = 2/30(RC + L/R) 


switch 


(9) I,(rms) = 1,430r0(1-0""/%9%%) < 2/3080 


Obviously, for the underdamped case, Q 2 .5. 
Because thel dissipation is the important criterion, Q was 
chosen close to this lower limit, The’ output for various 


values of Q are tabulated in Table 1. 
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Q CC) R(kQ) Vt max — sw) liQ4€00m8) IG.) 
‚55 119 6.36 9.06kV .22amp .63amp .30amp 
.60 uot 4.93 DIO 22 T3 «37 
.625 . 300 4.62 G .29 BIC E 
. 65 345 1.43 5.90 ‚30 TI M3 
E 456 "duo 5.40 . 30 .83 48 
.80 .612 4.09 5.00 . 30 .87 ‚55 
.90 . 150 1.15 4.80 E ‚ol 62 
1.00 Be l 1.69 .33 295 E 
Ei ir 1,50 4.65 E ‚98 EE 
20 1.050 4,72 4.64 E 1.00 ‚78 
1.30 1120 1.92 4.64 B, 1.02 ON 
1.10 1.190 5.19 1.65 E» 1.05 . 86 
1.50 O 5.40 4.66 Eo 107 .89 
1.60 1.280 5.65 1,68 N25 1.09 .93 


Tobe DcsrpnunibPapametersetorcBe-Q'ingoBranch 


Base Somali ste les hesorebeave Les KO and € 
were chosen and this will be discussed in the chapter deal- 
ing with aa GO Se uce on ol uwneSvSUCIRLIP SsEHosedshere 
chat an pencral assQeimcercases the necessary value of C 
increases and so does V mae and I¿ (rms). These data will 
USE QBe LES IN sha ther later sSeretionseorzsernist paper: 

2. Theoretical Analysis and Design of the Voltage 

Divider 

e Lo ca De Shown that the percentage 


Feg@itetion Can be atiected by the voltage divider used to 


E 





sample the network voltage. The following analysis is also 
given by William "entm! stani ord li nea sat ce Lërakpor 
Center. There is a certain fixed delay inherent in the 
system, mainly through the comparator and trigger circuits. 
Moescuudy che etfeem of this delay, Fig. { is used. The 
solid line of waveform 1 represents a normal -— amplitude 
Ri Lake rine COlinand sve begini regulation ms eiven at 
point B, and it is assumed that the de-Q'ing signal divider 
is exactly compensated (zero phase shift) and the system 
Requires bout lUederprees delay, wan exaggerated figure for 
ir) Buscracıvge purposes. thus, 10 degrees later the regula- 
MIoOn process is Complete, and the PFN voltage is set at the 
IeVeerenresemrelebyee. 2 Next, censmader a cycle in which 
ali conditions remain the same but a 25% increase in un- 
regulated PFN voltage occurs as represented by waveform 2. 
The command to regulate, now B', is given at the same vol- 
vLapeelevelwalMthough occurring earlier in time. The regu- 
lu: cM.prod4suereachedmslvrepb Zell degree delay is sel 
ut Tre aes readily seen chatach latter levelWrepre- 
Scents an increase m. tne value attained with normal vol- 
tage and the acallro cy rol nel regúlatca Wevetorm sutdeérs. 

If the waveform from the de-Q0'ing Signalfdivider 
GO Gegën nse Dy erRrequired amoumt;.Sune- eom- 
Dandssasereeulate are givemsocerpin.s A and A“ @ior the nor- 
mal and increased PFN voltage, and the regulation occurs at 


"tpid., ¡A 
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points B and B'. These points now represent the same 
Neve e E ae one TËS Ua os ea TIt should 
be noted that if the phase vere advanced further the reg- 
ulated value of the increased voltage vould be less than 
for the normal voltage. 

To calculate the phase shift associated with the 
divider network, consider a divider consisting of n identi- 
CAES € CIAO SOL Ry and C4 and an output section of R, and 
Co: ms e SS a lanen us integral equations. 
tehe voltage divider is driven by the BEN voltage of 
DN ne solutionsiorstche output voltage across R, is 
BR Dresenzedepvzckezio Mfowıng e@auatlion. Kor M = 


Vgc 1-698 yt s 


Ro 
ae DC Res d 


cos(ut*e) * Koe" tp), (19) 
TË Lë 


Y 


QLY + 7c, )! 
where 0 s tan sn] 2 


q : 
U) p s TË 
EN LC 
T pe Ez Ca mn 
p nR,*R [n 
Der 241 1/2 
Se: => 
l 
+] 
wT, 
and 
2 
wer Cee) 
K, - : 
2 2 
ij rud 





Note that Eq. (19) reduces to the input waveform 
reduced by the resistive ratio when tT, = T To compensate 
for the additional circuit delay in firing the thyratron 
Ti and M should be chosen such that 0 exactly equals the 
system delay. The phase shift should be constant, and this 
requires that the last term in Eq. (19) go to zero before 
bje earliest rel erence to the waveform. As B in 
i aR eigen ol Tiss Chapvemue tnevearllest reference EG 
this waveform (command time) is around 6 ms. en e 
E Soules pDewechiesen such thay oT < 6 x 1072, Koma të 
ee geonstants T Or Como lete decay Aliso, xn calculating R5 
and Co eensıderar lonsmuszsbezsiven CO CNE input resistance 
anoScapacitance of the comparator Sen sel cab le 
capacitance between the divider and comparator. The choice 
DI Ry inehiehawoltcase Circhits must take into consideration 
power dissipation and voltage rating and the desired time 
constant. The number of sections required is then deter- 
mined. „The reisistors should also be noninductive with low 
emae aeure COEN cients and low thermal] noise. A Further 
APA ig Coronda, I HET associaggd with circuis 
ETT above SOL Bor this reason utes desiprableg to 
Ome c neea ne Ol L a SN en time delay Us 
Mever OV G C E when ethe original system is installed, 
1? Ro and C4 and 


for best regulation whem the system is in 


Micmac utleCaleapproach 15 toe calculate R 
then adjust > 


operation. 
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The conditions of Eq. (19) were used and a compen- 
Some me cma dome LIP usea in the system. This will 


bexduceunssedgadspepern Che. paper . 


PP EMPIRICAL DESIGN 
The two major components which were designed empirical- 
sene Comparator and the Crigger circuit. 
I Thne*tomparater Circuit 

Figure 8 shows the circuit diagram of the compara- 
DO module€vvempares the sampled PFN voltage Gora 
ooo e ç De NOT 4 2 San Op n0 val SS Oo DU Sa 
whenever the PEN sample exceeds the reference. Because of 
Pic lowi cost, ease Ol replacement, and high input impedance 
of the Fairchild 1709 and u741 operational amplifiers 
(op-amps), it was decided to use either of these as the 
Dos lemenzzinsche Me ompara tonë 

The opensloop pain of either- of these op-amps Mis on 
the E oj OOO bbs. because the inputs are’ sup— 
tracted, and the difference amplified, a small (lmV) dif- 
ferential voltage between the inputs is enough to drive the 
CUM ON sa burra Gj ev. sor +lI5iyolts. 
The op-amp used in this vay, then, is really an amplitude 
Cemerolled SWiteter Mt tner rememence voltage is setat a 
certain value, then the op-amp output will hold at -15 volts 
until the sampled PFN voltage rises to about lmV above the 
reference and then will hold at 15 volts. 

The emitter-follower is used to provide enough out- 


Burzceurrent to break down the gate of the triac in the 
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Sao T TE E D 8 8 B L They are described in 
DH seotronwor thisdpaper. The maximum output current 
of the op-amp is only 10ma, and the triac used requires 
pocecroc25masem its pate. The emitter follower acts like 
AN curreat amplitier sand provides enough current to initiate 
the trigger pulse. When the op-amp output is low, the base- 
SIISE Lacio the transistor 1s B ean nce and 
there is no voltage out. When the op-amp goes high, about 
{ma are drawn by the base of the transistor. This is 
EnonenowDo drive vhesbransistor into Saturation, and the 
Output voltage rises to 15 volts. Obviously one require- 
nemus ne. transistor. is that. lbs.eolleetor current can 
exceed 25ma. Without connecting the output to the trigger 
mehassis, the output voltage is 15 volts across 6202 which 
is the required 25ma. 

The reference voltage iS varied by means of a ten- 
turn potentiometer, and the resistor string is designed such 
that this reference voltage can be varied from four to six 
volts. Without the zener diode, the voltage at node "a" 
DONO rise Tto 1 lc incu cmcmuEsodesoweversibIensLts 
down when v. reaches 6 A begins to draw current. 

If v, is held at S volts .ctneseusrentothrough. the 3320 
resistor is 9/332 = 27ma, and the current through the poten- 
tiometer and the 2002 resistor is 6/300 = 20ma, leaving 7ma 
to be conducted through the zener diode. As the arm of the 
potentiometer is shifted, the range of voltage covered is 


tromee to 6 wolts. 
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The non-inverting input of the op-amp is obtained 
from the voltage divider which attenuates the PEN voltage 
by a suitable factor. The total resistance of tne divider 
string is about 40 megohms. It consists of seventy-two 
560kQ carbon resistors in series. Because the largest VEN 
expected is 40kV, and the reference level for de-Q'ing 
Roni ae Lower than this anyway, the output resistor in 
the voltage divider was chosen to be 6.3kQ. This would 
cause 38kV to appear as 6V at the op-amp input terminal. 

The maximum input voltage thart the op-amp can handle is ten 
volts. With.a 6.3k carbon resistor as the output resistor, 
the theoretical range of de-Q'ing is from 25.4kV to 38kV. 
By making this output resistor carbon, temperature stability 
is achieved, because ail resistors in the string have the 
Same temperature coefficient. 

CN cr Chassis 

Ihespurpe eso7r thestriegerzenassäs is to Lire the 
decom EC Nyra tror 

a CSCIC lon of a on 

A thyratron is a gas-filled tube (in this case 
hydrogen) which consists of essentially an anode, a control 
od eachodestszsche source of electron 
ETT OTI ET IEA O SEGA VENTO | Late ol slew allode ,=the bude 


A MAA AO CON UCLA slate it a SUL a D le voltage 


ren Lp eet eon rns baci h LCCorre= Valve Co. Ltd. 


Sa ee eee 


England, Jun 1964, p. 3. 
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(usually negative but zero is sufficient) is applied to 
the grid. This voltage depends on the anode voltage and 
lucrum vue of anode voltage Chere Ase eri rl cal eric 
potential. 

The electrons leaving the cathode ar prevented 
from reaching the grid/anode space by the potential barrier 
at the grid. As the grid voltage is made less negative, or 
the anode voltage more positive, the field due to the anode 
attracts an increasing number of electrons from the gaithode. 
These make collisions with gas atoms, and when the electrons 
produced are accelerated to the ionization potential of 
Pyerecemeand SUT icient collisions occur, cumulative ioniza- 
tion takes place and the tube fires through. The voltage 
o oos chege ube then drops to a low value. The currenl 
passeas isa then largely determined by external circuitry. 

During breakdown the negative potential on the 
P positive ions and these form a sheath through 
Zauehssche grid potential cannot penetrate: Thus, any ins 
crease in the negative valte*oí gnid supply voltage hails no 
effect on the current passing. The tube will return to its 
non-conducting state only after removal of the anode voltage 
for a sufficient time (called the recovery time) to allow 
vbescharkeoüsparcieles’ co De SWepuURaWway or mMentraliged:by 
Goni nevo e Sesi tchem returns to its 
original value, and a positive voltage can be reapplied to 
no ene OUL conduction taking place jë The tube there- 


Tore acts as an electronic switch which may be closed by 
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Doe oo eae O a positivel signal to the grid,’ but 
DIHITT PS Opened Dy the removal of anode voltage 
for minimum time. 
be Lrigeer Crecuit Requirements 

it was required that the trigger signal applied . 
to the thyratron grid be from a low-impedance source, have 
a high rate of rise of voltage and a pulse amplitude suf- 
ngelen vo cause rapid tonization of the gas an the grid- 
cathode space. This minimizes®jitter and anode delay time 
drift. The required pulse amplitude and duration is specif- 
led by the manufacturer of the tube. For this application, 
che chyratron had to be capable of withstanding approxi- 
HET VaLweney las nodervoltage, and handle around halt an 
e een nË nes ei le ron 
tube type 5948A is rated at 25kV.maximum forward and reverse 
anode voltage. It is also rated at one ampere average cur- 
rent. There was a large ES stock of these tubes avail- 
able, so. this particular tube was chosen as the de-Q'ing 
UT ATO 

According to specifications the 5948A requires 
a trigger pulse having a maximum risetáme of 0.35us, and a 
pulse width or 2us lt 70.714 ol peak. Thé grid pulse ¡peak 
is specified between 700 and 1800 volts, and the grid im- 
Podenersvariesc wich tie yvolvage applied. For a peak voltage 
of 1500 volts, the grid impedance is 2008. Thus, the 


CmereyercGuided o Curae the thyratron on is seen to be the 
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Earme r l Cd Dy the pulse duration, or 
(1500)° (2x10”°)/200 nnda bac sequia svow0225 joules. 

Cc. General Principle Behind the Trigger Circuit 

Tua We Cadea aea O Provide a pulse having 

I oe oe ned riseSstaime ana close vo tne proper duration, 
the simplest method would be as follows. Figure 9 shows 
SHTO asrankol De hës ter on Time C=O LO U po 
switch S is open and the capacitor charges toward voltage 


voltage V At t=t switches closes, and suddenily 


supply’ Ds 
Dnemehargeadscapacısor is Torced to discharge Chrough the 


low impedance load. But at t=t Ge Sh VONE 


ac 
EG L ET GG GTH G R TGT G) GG the voltage across the load 
Has to Uo EI instantaneously. C discharges through 
Br so the voltage across the load is very soon back to 


zero and the current ceases. Because R_<<R the time 


L Or 
Hcunccomnelvcrycchosnce vneocurmont ceasgesmEUnhe Swan 
m Opens again and the cycle repeats. 

Note that this type Of arrangement produces a 
very sharp negative spike across the load risistance. In 
erienscozınvert mone) spikes MiGgdwaleGevemanereace che peak 
voltage produced, one merely has to replace Br with a 
Brise eeronsseormershaving a surLaplezevens ratio and the 
Propererrı or uyoeelseourse, this Introduces a reactive 
component into the circuit (the leakage inductance of the 
transformer) but in general if the impedance of the trans- 


former 16 kept low enough, a fast rising pulse can De 


generated using this method. 
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There ware two possibilities forfswitch SS. One 
"Iw sx burauvmenseand the other Is a solid-state ver- 
sion like a silicon controlled rectifier (SCR). Both are 
Morte all alike inrschat chey remaın openguntil traegered 
by a suitable positive pulse and then remain in a conduct- 
ine state until the current across the@switch either re- 
verses direction or remains at zero for a minimum time. 
Deren ae mca) eGman tri aces was Used- or one 
E PEO cier circulo. BiGeactes likeman SCR bum 
Fanspertraegerea by either a pösitivezerrnegative pulse. 

DE NieNnervoltagesi ee oensz zer choush’ small 
thyratrons are cheaper than SCR's. Also, the turn-on time 
(which actually determines the rise-time of the generated 
eure Eosaschvyracron ıs much fastemmmanem Lndb or don. 
Inereioreg, sr or che output stage OProcnemce pres chassis cia 
smallschyraceen, the 3615, was used as tele switch. 

RU pera tlionci tek rem cu 

Neue MONS T GON gram E 
Se trigger €Nassis akong with thes solatien pulse svians— 
former: mihe circuit uses Cwo itages ol Gapeci Cor -djist harge- 
generated pulses, the output pulse being fed into the grid 
Pe seen Der chyratronsses he cwepur pulse transformer 
serves to both invert the generated spike, and insulate the 
NS NT rom Chesgrid @ivime de-Q'ing thyragron. 
Since the plate voltage of the @de=Q'ing thyratron approaches 


4O0kV, this was the amount of voltage insulation required. 
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BC [THT GE E O The input 
Sal T HTH T EWO possible states, 0 or 
U T T EEE tame Of DOU U E Dre T we eT 
states. When the input is 0, there is no signal applied 
C ne eoa e ne Criac, and therefore the triac does not 
nen e iit capacitor must charge to 150V through 
ene TOOK? resistor. During this time, the voltage across 
MS ace se trans ormerdas O, so there ls NO Sig- 
ia oie to ene grid of the 3C45 thyratron. This thyra- 
Pronsachererores does nor conduct ana the voltagegau its 
Par Nenner Zexponensialiy towara 1500 volts with a time 
constant (39)(.05) (1072) = 1.95ms. The voltage across the 
QUID ans toos Zero and Chere is no output. 

When the input signal switches to 15 voltsj, the 
gate of the triac is tnitially pulled high and the gate 
Nen NOU UA” mas The input signal at the gate, however 
SVC ee ele Gnema OeCay Exponentially with agtime constant 
determined by the .56uf capacitor and the gate impedance in 
the en ao PIrgcESpubcESRenouir B howezer, Tor cause 
the ene OKE ON ca ne e as Ssbager exhibits the kind 
of en discussed previously and produces a negative 
ses Dea the primary ol the pulse transformer of 
SOUND EST lek puls em trans ormerslissa dl step up 
Ancschespulsewat thesgrid or thcw3clamE S about 450 volts 
high. This is well above the minimum value of 175 volts 


required to turn the 3C45 on. 
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[IE] THI HE 2 I E C T T ET IG D 56 
transformer, some of the energy initially stored in the 
Capa wise Bora hy De stored in this inductance; 
and once the capacitor is discharged, the current will try 
to reverse direction as the inductance and capacitor ex- 
change energy. This is known as "ringing", and a small 
amnem it is ùseful for insuring that the triac is 
turned off. But if the reverse swing is too large, the 
triac may break down, so to increase the damping of the 
reverse signal, a diode is placed on the secondary of the 
Si pulse TtransLkormer. 

When the 3C45 conducts, the .05uf capacitor 
SC ia ehareed inS$about 10ms, and contains .056 
joules) discharges through the low impedance path of the 
forward conducting resistance of the 3C45 and the equiva- 
lent impedance of the pulse transformer. A 1500 volt spike 
is generated and fed to the grid of the de-Q'ing thyratron. 
Again the leakage inductance of the pulse transformer 
UPS SIMI SITO. but pasa cu Mm oa. severe ton 
the 3C45 and no reverse-damping diode is necessary here. 
The Ein insures that the 3C45 is turned off and the 
whole cycle repeats. 

Because the generated pulse is ultimately caused 
Ba thesarniva Kone sampled MNIVOltapewat the reference 
MC aeons Cal OCCUR at InOommoa xe ystames per second, 


E a aa l Se must be produced atl a repetition rate of 
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60pps. This allows 16.7ms for the capacitors to recharge 
between cycles. 

ici ene purpose of the diode in the input 
differentiator will be discussed. The triac, as mentioned 
earlier, will conduct when either a positive or a negative 
ave. When the input signal is 
switching from O to 15V, the positive pulse is generated, 
buc IDUEmetomaim drops from 15 to 0, a -15 volt 
AO Peces” gate of the triac, were it not for 
MICRO CO uunc. 15 Wasmaesired only to fire the triac 
(and generate the output pulse) on positive transients of 
eNe input, tche STE was essential. 

Figures l1(a) and 11(b) show the anode voltage 
waveforms recorded Pay Chem cri semen CAS respectively. 
Figures 12(a) and 12(b) show the open circuit pulses to be 
applied to the grids of the 3C45 and 5948 thyratrons res- 
pectively. The latter ishemi sen as sto pu 

Figure 13 shows the grid pulse applied to the 
erid of the 5948 thyratro Mino des The first is an 
A, and shows the ent Ea u se Fon he 
thyratron. The second viewwiszschezbereTanımezsct tnespulse, 
expanded in time. Note thessamilar ty between Chis view 


and the view of the open-circuit pulse of Fig. 12(b7. 
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MONSTRUO TONTOS TRAE PROTOTYPE 


ne*system was constructed as a prototype, servicing 
one of the three modulators. ech ıs®esecerivonsche detalli 


et that construction will be discussed. 


A. CONSTRUCTION OF THE DE-Q'ING BRANCH 

Mes first step in eonstrueting the de-Q'ing branch was 
De neoseesuxvablesevalues tor Rana €. Based on the data 
atan le q 11 the previous chapter it can be seen that a 
desirable value of R was in the range of from four to five 
Altec nad to DE between 0.2 and L.lLut. There was a 
surplus stock of de filter capecitors having 16kV insula- 
ion and rated at 0.5buf. Two of these were chosen, and the 
value of @ecould be changed during testing’ to three dififer-— 
gant values. 

The value of R was ehosen to be bkit, placing the value 
Mu ww TI This vwalmeror Rreaused the 


Mredqueney vo be slightly higher than that indicated in 


$ 
Dhe table; and ehnecretiicallly should cause the current in b 
to die out within 8.33 ms, which is lower than the 9 ms 
e i chekdesıen caleuletionsz 

As seen in the previous chapter, the power expected to 
be dissipated in R was about 2kW. In order to keep the 


resistors from getting too hot, it was decided to rate the 


total resistor bank at 5kW. This required that twenty-five 





200W resistors be used. Each resistor is wire-wound and 
pated at 5k0. The bank is arranged in a five-by-five series 
series-parallel matrix, and mounted on a wooden plank 
about 6 feet by 1 foot. 

The next part of the de-Q'ing branch to be constructed 
was the hold-off diode, whose purpose it is to keep the 
Dranca irom Conducting current after the PEN discharges 
OJ ase across the branch becomes negative. 
There was also the possibility of very large negative vol- 
tage spikes generated when the PFN discharges coupling 
back to the de-Q'ing network, so the diode bank was de- 

EM cuccrcoshanddue 50kV inverse. AE avalanche diodes 

ee wwe amperes forward current anga 1kV PIV were con- 
nected in series. However, because each diode conceivably 
necmarocliphply Giiferent leakage®ecurrent ,famstring of 

P TT B sa1eodes Can be thought of as a string of 
wilt tf erenueresistors Astin any resistor string 

the highest resistance (in this case the best diode) would 
Lola Cala ree 5 1 portion Oley nemLObal VolLase across epic 
string. Thus, if the total inverse voltage should ever 
approach 5OkV, it would be quite possible to have more than 
“GN a KOQE Na eros sBonë diode in thesstrine, thereby break- 
Ne GON PRO Oea GU Nne Our Che String. To eliminate 
this problem in advance, the string is "balanced" by shunt- 
ing each diode by an equal resistance much lower than its 
equivalent reverse-bias resistance. This, along with equal 


spunpscapacitors much ereater than the equivalent capacities 





Of whe TI C Maintains equal voltages across each diode 
Sp Leo Indgrvrigvaltodrode Gdiiferences, The values 
chosen, and the arrangement are shown in Fig. 14(a). The 
resistors seo! Course, conduct current when the diode is 
GJ Shuk ie relative Lime constant e long enough to pre- 
serve the unidirectional nature of the string. | 

DieeMext. eee OGL eClrcuLtry to be constructed for im- 
plementation of the de-Q'ing branch was the heater/reservoir 
power supply. The heater current required by the Tung-3ol 
5948 thyratron is between 25 and 33 amperes. This thyratron 
also requires current to what is known as a "reservoir" 
within the tube that keeps the pressure of the hydrogen gas 
constant” ihe current required by the reservoir is 3 
amperes. The filament (heater) voltage is rated at 6.3 
volts and the reservoir voltage is 4.1 volts. 

The filament transformer required must thus be capable 
of supplying at least 6.3 volts rms at 28 amperes. The 
voltage insulation required between the primary and second- 
oe UE USO anëve kavallablie 
three filament Gransformers, each rated at .75kVA, 110/10, 
75 amperes ee current. These transformers are fairly 
large (8"x8!"x11") and it was desirable to use one per thyra- 
tron. In order to supply both the heater and reservoir with 
the same filament transformer, the arrangement shown in 
Fig. 14(b) was used. 

This circuitry vas placed on a small moveable cart along 


With the trigger output pulse transformer, and wheeled into 
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CIRCULTRY CONSTRUCTED 


56 





Rev oe re Torstremperary installation and test- 
ing. Figure 15 shows the actual physical arrangement of the 


elements. 


B. CONSTRUCTION OF PULSE TRANSFORMERS 

There wero vo pulser Tramstormers as shown in Fig. 9. 
The step-up transformer connecting stages l and 2 was 
Lon ns NcrPSUcoUoPOIjdalNeore using thin copper wire. 
There are five turns on the primary and twenty-five on the 
secondary. The voltage insulation required, only fifteen 
Mareo volts Wwes not critical, 

The output pulse transformer, however, was required to 
have forty kV voltage insulation. There were available some 
burbzcenokeswicn 027 resistance whichseons, sveoakor. a large 
core of laminated iron with two legs. Bach leg was close- 
Meum, wich Mty turns of Copper WireMamo” the coils were 
SonneceleQ an sseries by a shorting bars Ey disconnecting the 
shorting bars, the chokes made suitable 1:1 pulse trans- 
formers. Because the spacing between the core and the wind- 
ings and between the separate windings was only 0.25 inches, 
there would not be enough insulation eee kansiormerë vere 
used in air. However, immersed in and oil bath the quarter- 
Poe SD aC Ines provided more [Than eMmougmeansulation. A 
pyrex jarëvas used and a suitable container was fashioned. 


Bnestvonehoeuss in the jar can be tseentin Fig. 15. 
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RO TRU Ro THE REMAINDER OF THE PROTOTYPE 

I he nee parts of the system wera constructed, 

Pees urreper chassis according to Eig. 10,gamd the’ comparator 
as mare meme ihe trigger chassis was built into a rack 
mount with enough room for two more similar modules in the 
future. It was placed in a mobile rack stand along with 
PicmonGmouxl | lary dc SUuppliesSwand placed just outside the 
high voltage en. 

Thefcecomparator was mounted on a small circuit board, 
asncewillevenwwalliysßbe fabricated in a printed circuit. The 
ten-turn potentiometer, a Helipot, is the largest element 
Iu uglEcipcurv anamits Gial 1S adjusted by the operator. 
This module is in the control room. Figure 16 shows roughly 
Pr Zio@eticonser sach part or Lhe prototype. Tne electrical 


Sennectyons are made using coaxial cables. 


D. CONSTRUCTION OF THE R-C COMPENSATED VOLTAGE DIVIDER 
Because the original design called for E cd 
voltage divider (see Fig. 5), this was constructed using 
the conditions derived with Eq. (19). The value of Ry 
was chosen as 560kQ mainly because these resistors were 
available’ in large quantity. For the same Season, C4 was 
chosen as .O001uf, 1kV. To make v Strang a total of 
slightly over 40MQ, it was made eighty sections long. The 


resistor R, was chosen as 5.6k2, giving a resistive ratio of 


2 


1:8000. This string was mounted in a pyrex box which was 


Mene mia silatine 01 to avold jany high voltage 
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FIGURE 16-ROUGH SKETCH OF 
APPROXIMATE PHYSICAL LAYOUT OF 
PROTOTYPE. SYSTEM 
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H HT E T L G G DG L ODE such as corona. 

The string was initially set up (as shown in Fig. 5) at the 
anode of the charging diodes. Thus, this string was located 
Pomerat voltae Carew seiodxial cable connected R5 
HemucccomnboaratopP'erroultswHeresa Variable capacitance was 
shunted across the input terminal of the comparator. By 

ee vine bins Capacl Lance (05) tne relative phase between 

the output and input of the compensated divider could be 


varied. Figure 14(c) shows the arrangement. 
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MES ES PRIOR TO PROTOTYPE INSTALLATION 

In order to obtain a quantitative measure of the effect 
pr the de-Q'ing circuit on the system, the voltage regulation 
Lo cseNeasupred pprror ctominstallation of the prototype. Without 
de-Q'ing it was generally known that the variation in pulse 


amplitude was directly related to fluctuations in V The 


DC' 


E cem includes two monitors for V One is a milliammeter 


DES 
which measures average de voltage into the system and is cal- 
Maeda Bor 25kV full scale deflection. This is used in set- 


Ing the coarse value of V SDO RUS Ua il ye xedsat sja or 


DC 
l9kV. The second monitor is a finer measure of Ving fluctua- 
tions. It is a balanced bridge arrangement as shown in Fig. 


iyi AtTter a suitable Ving Ys set by the operator, the switch 


NEOclosed, andjthe potentiometer dialed in until the meter 


~ 


meaas nulls Then@®any deviation from the initial value of Vic 
will be indicated by the deflection of this meter movement. 
Rias operation, if is desirable to maintain the meter move- 
Ment within the sectors marked green. One of the biggest 
problems to the system without de-Q'ing was the sudden appli- 
eavion of another load on the ac lines in the building. The 
Bar Era ine he most moLileeablegeffeet on the system was a 
Pump which would suddenly switch on at various times during 


a LINAC experiment, and create a transient drop in overall 


line voltage which could be seen at the LINAC in coinplete 
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loss of electron beam.  Correlated with tbis loss of beam 
was always a shift of the meter movement in the bridge 
en oT cHeseorcren Into the red region: The usual 
psocesso without de-Q'ing, was for the operator to try to 
keep the meter movement in the green region by operating 

a» servo motor through buttons on the control panel. The 
So mmotor controls the setting of the variae that controls 
the amount of ac voltage that enters the power supply. 
During machine operation the meter movement would also 
noe weeny lyetrom null over periods Tanging from minutes 
Re EE « 

The first test before installation of de-Q'ing was to 
actually measure the percentage of fluctuation correspond- 
ame nE ose rele meter movementámoving from null 
mache red region. |A Strip recorder was®connected at point 
a (see Fig. 17), and the input voltage and potentiometer 
were adjusted until the meter was null for HE 2 os: 

Thes volt lJjine’was then centered2om the strip recorder 
rinkolukand the sensitivity was changed to 20mV/major 
division. The input voltage was then increased to the point 
where the meter movement just passed from green to red on 
Hone raght and held there. Then the voltage was decreased 
sor che meter was again nulled. Then the voltage. was de- 
ereased until the meter movement crossed to the left into 


She reiweine strip ehart recording is shown in Fig. 18(a). 
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DIT ETT T surge caused by the pump was also 
measured under the above conditions, and the pump turn-on 
and turn-off is indicated in Fig. 18(b). 

From the figure, the percentage of fluctuation neces- 
sary to cause a movement from null to the green-red boundary 


is calculated below 
A 
ZO EE OT LOS 42) x 100-=- .67 
mur 


5 dev| = .7% 


pump surge 


This test showed three things: (1) the maximum expected 
short term variation in Voc was well below 1$; (2) a con- 
vrolled .6% variation in Vpg was available by using the 
bridge circuit meter; (3) The maximum long term variations 
in Voc were no more that 1%. 

Using this knowledge, the next step was to measure how 
this variation in U was related to variations in the 
klystron pulse amplitude, without de-Q'ing. An attenuated 
sample of the klystron pulse was Ted into a Tektronix Type-2 
E Of Loe Oscilloscope. [ner / module Is a dil- 
ferential comparator which allows one to measure very small 
Pvc pUaulols in amplitude by biasing out the main body ot 
mic WeavelOrm and turning thessemsSitivity up as high as 
desired. The dc voltage was set at a nominal 15kV, and the 
klystron pulse appeared on the scope as 50 volts in ampli- 
tude. IDAS INP che madn part ot the klystron 
pulse, sensitivity was set at .lvolt/em, and the following 


data was noted: 
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amplitude jitter = .6 volts, 
change in amplitude = L oe SS Voc Wea See ct Dy 
Se 


Therefore, the percentage of fluctuation in pulse am- 


plitude caused by .6% variation in V MAIS AO AS 


De 
1.2%. As a guideline for later work, or as a performance 


measure of the prototype, a number n was defined as 


AV % 


bi VAN. > 


DC 


and for the system without de-Q'ing, this number was found 
Lo. be tes. Later, the true worth of the prototype was judged 


E caltoulating the mew n, and comparing it with e. 


PR TESTING OF THE PROTOTYPE 

When the prototype was first installed, a number of 
Por mooıT ıcatıons had te be made to the prototype and 
to the interface between the prototype and the original mod- 
Davon, Some Om these changes were necessary before the 
regulation coulada even be measured, These are discussed: 
below as preliminary changes. Other changes were made but 
cheke were not necessary to the completion of the testing. 
These are entitled, simply "other changes". Finally, the 
regulation and effect of the prototype on the beam inten- 
sity are discussed. 

Ie mary Proben and Circuit Changes 

After the prototype was installed, the first thought 


was tomJ3e thegpreviousliy described test and use n as a 
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eaer on T adjusting Tor the optimum value of Co in the 
Bo SA oe ve Carly in the testing stage, 
che eompensated divider began to malfunction, causing a 
nn zei seroblemserneiluding Excessive loading of the 
END cupi I ccPeme"overcurrents in the input 
Manso ies er ral iento main Thyratzeng and hagner 
input signals eee.) paraco than the operational ampli- 
Io lication mnie compensated diviger was removed, 
and the sampled PFN voltage was obtained instead from a 
l] Scenes alreacyalıamplace andeused in conjunction 
with the main thyratron. There are seventy-two 56018 
2 sr Lors on che String, which amounts to approximately 
forty MS. The output resistor for the string was then 
selected to be 6.3kQ and this resistor was hand-picked and 
Measurement] roce WEA this value inserted, a BEN vol- 
tage of 38kV would correspond to an input of 6 volts to the 
comparator. 

AT Ce these changes were made, there was still a 
Woot preolem whieh anhibived system pemmormance’. When the 
ee thyratron Trete enerata ore sspike nbhiucn 
was being picked up in the prid of the main firing thyratron. 
Mr omemyrevrol. unlchedischarees the FEN, is normally fired 
Pe loc kedar LEHT N 16.7ms. The stray pulse generated 
by the de-Q'ing thyratron was causing the PIN to be dis- 
charged more often than 60 times per second. As the repeti- 
tion rate was altered, so was the average current in the 


klystron pulses This problem was solved after the stray 
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l al TEE EGG tbe main thyratron. It 
IIT TTT ing coula be stopped by placing 
ae Salley capacitances across Che grid of the main thyratron. 
Fu seconds in duration, even a very 
small capacitor would shunt it away from the grid. The 
ooo Two 500pf 30kV capacitors 
were placed in parallel from the main thyratron firing grid 
GO ground, and Che problem was eliminated. 

Në was less serious did indicate 
that the choice of the operational amplifier for the com- 
cia sy more important than had been expected. 
IS more novaceablelwhile observing the comparator output 
waveform while the circuit was de-Q'ing. As shown in 
aver e expected comparator Output was as "shown in 
Fig. 19(b). However, Fig. 19(a) is an actual waveform 
observed out of the comparator while the top waveform (sam- 
pled PFN voltage) is being clipped. Note the initial spike 
and then the later steady high level of comparator output. 
With the u/09 m E OM ara DOS y pS Oo opa 
and variations of it were observed. A closer look at the 
samplea PRT es ica that a very large nanosecond pulse 
was superimposed on the charge waveform at the instant that 
RO On Sb vratroniiiresi AS This Gs obviously the same 
pulse which had been successfully shunted from the firing 
Poem SC socceurisng microseconds after the compara- 
I TIE turns On, causes the comparator output to go 


low again. Later, the sampled PFN voltage rises above the 
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(a) top: sampled PFN vol- 
tage 


bottom: comparator out- 


put using 1709 op amp 





Bb) top: same as (a) 
bottom: ideal comparator 
e put Output using u741 


op amp 


Figure 19. Clipped Charge Waveform and Comparator Output 





reference level again and the comparator output goes high 
Acne. end or the cycle. 

order spo ©leameupethe comparator output waveform, 
aer was needed to block out@the high nanosecond pulse. 
The (09 op-amp requires external frequency compensation. 
e RSS CO any Stray pulse riding 
on the input waveform. The 741, however, is internally 
frequeney-compensated, and when this op-amp was used, the 
comparator output was as expected and is shown in Fig. 19(b). 

the reference voltage was designed to be variable 
between 4 and 6 volts, which would allow a range of over 
twelve kilovolts for de-Q'ing. However, the lower limit of 
ee the compa aoan wasser oungdssor U 
o volts after the system was connected up. That is, the 
reference voltage setting seemed to shift by at least one 
ns ne actual voltage at the inverting input of the- ops 
amp, however, was measured between 4 and 6 volts as the wiper 
ONE AOL ent 1ometer was varicdiover itse ull Trance A 
Pess Te explanation, Basedocngse mM Shgoe si, eh 
the input legs of the op-amp inadvertantly made contact, 
alloving the input voltage from the resistive divider to 
influence the reference voltage dialed in with the potentio- 
meter. The problem was not so serious, however, because the 


normal operating V used is around 18kV, and by raising 


DC 
ee ly ho higher PFN voltage can be clipped over 


an adequate range (upper 10%) with the reference voltage 


(en 





range as No Eee other words, Chere is really no 
need for a reference voltage below 5 volts anyway. 
anes 

Anotner small change was made during the testing 
phase. A small choke, estimated (but not measured) to be 
less than 100yH, was placed between the charging diodes and 
the PFN. It was wound in fifteen turns of hollow copper 
nur 01. 7r COmemanout four inches in diameter, 
with about one-half inch between each winding. The purpose 
SI reduce any negative spikes gener- 
ated across the PFN when the main thyratron fires and de- 
COU e chemerrom the plavesof the de-Q'ing thyratron. 
However, no quantitative measurements were made to deter- 
mine the effect of this choke on the system. 

To see the effect of "varying the Capacitance of the 
de-Q'ing branch, the two 16kV capacitors were placed in 
uneir three possible configuvevtomemanad eee averare current 
nee chyratron I RIE was! measured, and the waveform 
Voc? Vr i.e., Che voltage Gj: DOC Ee ha e sea odes 
vas recorded. The results She ve DID 5-20 andes . 

It was decided to use C = „5ufror therremainder of the 
VESHI 
3. Measuring lmprovemos e e LOVE 

Next, a measure of n was made with the prototype in- 
stalled, just to see how "good" the de-Q'ing was. Voc was 
an nei rom Sky CS 20kV.T This is a percentage fluctua- 


INE M OO 2 This caused the klystron 


E 





(a) De-Q'ing C = .25yf 
SOLE 


Average current = 200ma 
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(b) De-Q'ing C s 1.0uf en 
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R = 5kQ GE 


Average current = 200ma 
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(a) Actual waveform at 


anode of charge diodes 


R = 5k8 
C = a Ui 
Average current = 225 ma 





(b) Theoretical waveform at 
anode of charge diodes 
R = 5kQ 
Y auis 





meurer2l. Voc + Vr for C = .5ni 


PO mnplitude by .13 volts out of 44, or .3%, 
Liles Cie mame Of mewilthethe prototype installed is 3/133 = 
Br mars 1s (f times better regulation than that observed 
eO o installation. 

Further improvement was obtained by employing a very 
simple form of resistive compensation, which is described in 
penca It involved a change in the circuit 
che final overall complete cireuit diagram is 
given in Fig. 22. When this configuration was tested for 


regulation, the following was observed. When Vo was 


C 
varied by 10.5%, the klystron pulse amplitude varied by only 
.05/40 = .125%. Thus, the new value of n is .125/10.5 = 
.0119. This is 168 times better regulation than that ob- 
served prior to installation. 

The final test of the new prototype was made to 
determine (1) how beam intensity (current) varied as a func- 


onem ystron voltage and (2) how the V-. fluctuations 


DC 
which had formerly caused beam to be lost affected the beam 
with the prototype operating. 

The de voltage was set at .74 * 25kV or 18.5kV, 
and the de-Q'ing reference ađjusted to clip the upper 3%. 
The klystron pulse exhibited amplitude jitter of less than 
No .25. To reducesthe jitter the heater 
and reservoir voltage on the de-Q'ing thyratron were raised 
plo cl the purpllesglow of the Unyravrem became 
I A. > reduced the garter in"the kiystron pulse to 


HIE 02/50 = ‚01% 
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Ihe rf was adjusted in freguency and amplitude 
until a suitable maximum beam intensity was observed. The 
de-Q'ing reference voltage was decreased until the beam 
intensity had decreased to one half the original value, and 
the percentage change in klystron voltage was recorded as 
-1%. The de-Q'ing reference was then increased until the 
beam intensity passed through its maximum and fell to one- 
half the maximum. Again the percentage change in klystron 
voltage was recorede as +1% above the setting where the 
Beam Current was Maximum. Thus, as shown in Fig. 23 in 
simple form, a 2% range of de-Q'ing corresponds to a varia- 
pon over a arge Portion of the beam intensity. So, 
really, only a very small range of de-Q'ing is actually 
Mete s ar because the kiystron focusing coils are tuned 
at ana must remaliifas felose as possible 
to this voltage in order toypresent a constant impedance, 
the de-Q'ing circuitry will always be operating at the same 
mema voltage (about 16.5kV for Voc) ara a Wo een Ly 
be necessary eo. vary the reference voltage a few percent. 

Finally, the de input voltage was varied by * .6% 
as ee ST e Aso Map Ter. Lo Was 
Mier nal prior u1nstallatiomweP LRePpprototype;"this very 
Slanpe always Caused the beam intensity ve drop to zero 
(beam loss). However, with the prototype in place, this 


MmiMctvatlomeiagmiO noticeable eltfect om the beam intensity. 





T > (Beam Int ensity (1) 


fi 1 max \ 


i 
| 
| 
| 
| a 

1% US Klustvon 


FIGURE 23-SIMPLE DIAGRAM OF 
RELATIONSHIP OF BEAM INTENSITY 
10 KLYSTRON VOLTAGE 
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APPENDIX A 


Derivation of Equation (0) 


Beginning with Fig. 6(b), the equivalent circuit for 
meceno ing path, one first determines the conditions of 


chercerrceuit at time t I PII T EE W TE ıs 


Oe 


oo lhe capacitor was uncharged before ta and the vol- 


Ge crosseacapacrboP cannoc echange anstantaneously. 
Since all three elements are connected in shunt, ve Ct) = 


vett) i vg CO) amd vi (tg) = Volta? = 0. 


L 


By assumption the current flowing in the choke was lg 


MEME dire tIon Nonn Just prior Lo t HORA Ote 


Q° 
Era convention indicated xn the figure, this must be con- 


sidered as In: Sımee Current throush 2 choke cannot be 


changed instantaneously, i (to) = -I In terms of Ma 


0° 
Seele sy wil current It the circuit lows through C, 
this can be written as Volta? = I/C = Vulto). 


nese conditions IN MIN AOne R Ir SC writes 


Kirchoff's current law as 


ten terms ol Vi: Decomes 
E dv 
2 AEN | u : L 
i, (tg) 1 r ; Y LY dat + 3 vy (t) + C S 
U 


Differentiating the above equation and some manipulation 


yields 





m al - 
MN WU -2 


DemUnjsNsol)nuv Ll Is convenient to take the Laplace 
transform of the above equation. Letting V(s) - Liv, (t)] 


one obtains 


H 


E 
Yu) = 5 - I 
JE LC 


For the damped oscillatory case which is used in the 


koti Can be Written as 


O 


C 
Sh Ji 
S ane J^ + — 
| 2RC [Lc oj 





2 


e 


Letting Wy = M/C) — (1/lR*c*) and taking the inverse 


transform, one obtains 


I R 
0 n (t tgJ/2RC 


vp) 5 Cu 


sin ag Ct- t9) 


Muttıplyıng the numerator and demonimator of the term 


© 


in the exponent by Wo gives 


D sin wg (t-ta) 


onee exactly Eg: (38) 3n the text. 


80 





APPENDIX B 


Alternative Method of Compensation 


Figure 24 shows the effect of a shift in Vo On a system 
enë anime lava. In the first case, the voltage 
evel at whieh the command to regulate is given, L is held 


constant. This means that the times t4 and t, when the 


command is given are different. They are related by the 


equation 


p E Vpe 1-698 ot.) = C wto) 


For a given E, and Voc and pe and percentage change x, 


2 GOC ee eula ea. Toen an expression could be ob- 


nene eo che error in the firing voltage, DV La : 


A 


Vppy 7 (14x) Vp, (1-cos w(t,+t)) - V 


M E w(t,+T)). 


To calculate AV pny one must Know the value of t. This 
of course can be estimated (in this system it is about 


l00us) and for a given percentage shift in V a value for 


DCO? 
AYpry ould be found and sie reculavlon coulda be calculmUuec. 
Bc cnmbpensaucmior vhegdelavsne mient reverse the pro- 
cedure. For ideal regulation AVppN = Up motarting wich this 
condltiesone can Obtaim an expression for to ucc uner ion 
or E, > pd 1. mem aS Showigin the seceond case in the 
figure, the voltage level at which the command to regulate 


Ska would 10 longer be constant. In fact, one can 
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WR ka 
|o | 
| e 
> | I | 
i T time 
Case I (vs constant, A Vey 70) 
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Case LI O Kp Shari, Avs £0) 






Vp. 2» E 
Soka. f p i 
<a raTron 
v = Syiten 


p 


Nav 
mE W e (o mpara tow tz 
< 256 (0.3 
250 Ko. | ps ^ kn Reh 


= Hordware mp! ementation 


FIGURE 24-EXPLANATION OF 
ALTERNATE. TYPE OF COMPENSATION 
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DTE ETIE Lor the amount of shift that would be 


necessary to achieve AV oon = 0. It would be 


h e Vgc G E 


eu ze po 
3 x cos ut, X XCOS W 2 


al 
This can be written as 


Av. = (x(cos ut. = 1? Exc ut 


S 2 2 pe 
or 


Av. = KEK, TIVE 


OS Sa aha Geta can be 
Zen evedaby varying the Tevel at which the command to re- 
ulate is given, pes Dwcnsomonsve whawebers Proportional uo 
Vic: MhewPacvor so: proportionality depends on the delay 
and on how much V5c MATIC ae ad as Po co 


coco We veras ltis1ng Chis principle, Av. can be made 


dependent on V.4, by the circuitry shown in Fig. 24. This 


DC 
Në nn on ura tani oh provided ume improvement menuioned 
Re sectionfor the text A The Value ol HS was 

10MN and the extra shunt resistor (150k2) was used to 

achieve’ n = .0119, a had time permitted (and this will 

most likely be done if better regulation is ever desired), 
ee e SO ea COulTOMD So Ves be chime. peri mcmua lly varaecds and 
correlated with n. The values given, however, were more 

BR mealequatestenchefpresentzuses GJEN cut It 

seems as though this method of experimentally determining 


the percentage of Y nr wo feed agnvo the sample is much 


castle than to try to calculate it using the equations. 
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